The lepton-flavor-violating decays of light pseudoscalar mesons and light baryons are investigated within extensions of the SU(2)ϫU(1) model. These models contain heavy Dirac or Majorana neutrinos and allow large lepton-heavy-neutrino mixings. The free-parameter space of these models is carefully studied. Special care is devoted to the comparison of results of different models. A large ''nondecoupling'' window is found, and the decoupling of extremely heavy neutrinos is explicitly shown in all models except one, for which the free-parameter space is bounded. Among the decays studied, the experimentally most interesting decays are K L →e and 0 →e. The 0 →e decay is found to be equally interesting for the study of lepton-flavor violation as K L →e decay. The constraint on the model parameters, coming from the nonobservation of the →e␥ decay, leads to the maximal decay rates B(K L →e)ϳ5ϫ10
I. INTRODUCTION
Lepton-flavor violation is strictly forbidden in the standard model ͑SM͒. The confirmation of lepton-flavor violation would show that the SM should be considered as a lowenergy limit of a more fundamental theory. The slowly decaying particles, such as light pseudoscalar mesons, are suitable to search for lepton-flavor-violating ͑LFV͒ effects. Namely, the branching ratios of the LFV decays for such particles are expected to be rather large.
Stringent 0 → e )Ͻ1.5ϫ10 Ϫ3 ͓6͔. The LFV decays have been the subject of many studies ͑see, e.g., ͓6͔, ͓7͔, and ͓8͔͒. In order to realize the LFV effect a number of approaches have been developed. The simplest one is to add neutral fermions ͓9,10͔ or to extend the Higgs sector ͓11͔. They have been also analyzed in supersymmetric models ͓12͔, superstring models ͓13͔, left-right symmetric models ͓14,15͔, technicolor models ͓16͔, and leptoquark models ͓17͔.
In this paper LFV decays of light pseudoscalar mesons and light baryons are investigated using models with additional heavy neutrinos. LFV decays with two charged leptons in the final state are most likely to be observed. Therefore, we concentrate on analyses of these kinds of decays.
The paper is organized as follows. In Sec. II a short overview of the extensions of the standard model with heavy neutrinos is given. In Secs. III, IV, and V the LFV leptonic and semileptonic decay amplitudes of light pseudoscalar mesons and semileptonic decay amplitudes of light baryons, respectively, are analyzed and their branching ratios are calculated. Some technical details are relegated to the Appendixes. The conclusions are given in Sec. V.
II. REMARKS ON MODELS WITH ADDITIONAL HEAVY NEUTRINOS
There are two classes of models which contain the additional heavy neutrinos with light-neutrino masses low enough to satisfy the experimental upper bounds ͓9,10͔. One of them is grand unified theory ͑GUT͒ inspired, and it is obtained by introducing an additional n R right-handed isosinglet neutrino fields into the SM. The Yukawa sector contains lepton-number-conserving (⌬Lϭ0) terms and isosinglet ⌬Lϭ2 Majorana mass terms. The neutrino mass matrix is symmetric and consists of a Dirac mass matrix m D coming from the ⌬Lϭ0 Yukawa terms and a Majorana mass matrix m M containing the ⌬Lϭ2 Majorana mass terms. The matrix elements of the Dirac matrix are usually taken to be of the same order as the masses of the charged particles, while the elements of the Majorana mass matrix have much larger values. The transition from the weak to the mass basis gives n R heavy Majorana neutrinos with masses of the order of a typical Majorana mass and n G light neutrinos, where n G is the number of generations in the SM. The experimental limits on light-neutrino masses may be fulfilled in two ways. One is to use the usual seesaw mechanism ͓18͔, giving the light-neutrino matrix scaling as m D m M Ϫ1 m D . Then the typical Majorana mass must be very large (ϳ10 8 GeV͒. The second one is realized by imposing an additional constraint on the neutrino mass matrix that assures the masslessness of light neutrinos at the tree level ͓9͔. That can be done if n R Ͼ1. We will denote such models as An R . In such models the typical Majorana mass is constrained only by the experimental limits on lepton-heavy-neutrino mixings B lN , which scale as m D m M Ϫ1 . The experimental data give the limit ͉B lN ͉ 2 ϳ10 Ϫ3 -10 Ϫ2 . Therefore, the Majorana masses may be as low as ϳ10 2 GeV. The second approach is very appealing from the phenomenological point of view. Namely, the B lN mixings lead to decays which are forbidden in the SM. In the model ͓9͔, B lN mixings may be so large that the rates of these decays could be comparable in size to the present experimental upper bounds. Although the masses of light neutrinos are zero at the tree level, nonzero masses may be induced radiatively ͓19͔. They depend on the choice of the renormalization point, and may be quite large compared with the experimental and astrophysical upper limits on light neutrino masses. The second class of models is stable regarding the neutrino mass renormalization and renormalization of B lN mixings ͓19͔, and, therefore, we prefer the results obtained in these models.
The second class of models is superstring inspired ͓10,21,22͔. These models, referred to here as Vn R models, are obtained by introducing n R isosinglet right-handed and n R isosinglet left-handed neutrino fields into the SM, which do not interact with SM fields. The Yukawa sector contains only the lepton-number-conserving terms. The neutrino mass matrix M ͓22,23͔ is symmetric and contains a matrix m D , coupling the doublet neutrinos with right-handed singlet neutrinos, and a matrix M , coupling the right-handed and lefthanded singlet neutrinos. The rank of the mass matrix is 2n R . Therefore, it has n G zero eigenvalues. As the neutrino mass matrix is symmetric, the mass diagonalization can be performed by unitary transformations of the form U T M U. The diagonalization is performed in two steps ͓23͔. First, the elements of the mass submatrix m D are cancelled, using the unitary transformation of the mentioned form. The n G doublet neutrino fields and n R singlet left-handed neutrino fields are combined into n G massless neutrino fields and n R fields forming the mass matrix M D with the right-handed singlet fields. Then another unitary transformation is used to diagonalize the mass matrix M D . The final mass spectrum contains n G exactly massless ͑to all orders in perturbation theory͒ left-handed neutrinos ͑that is, the Weyl neutrinos͒ and n R massive Dirac neutrinos. The massless and massive neutrino fields contain part of the weak eigenstate doublet fields, and, therefore, both interact with SM fields, specifically leptons, gauge bosons, and Higgs scalars. The corresponding Lagrangians defining the interaction vertices are ͑see Refs. ͓20,24͔͒
where l i are the SM leptons, n i are the ͑light and heavy͒ neutrino fields, Z and W Ϯ are the SM gauge bosons, H is the Higgs scalar field, and G Ϯ and G 0 are unphysical Goldstone bosons. Further, g W is the weak coupling constant, c W ϭM W 2 /M Z 2 , and m i , iϭ1, . . . , n G ϩn R are neutrino masses. As in the case of the first class of models, a CabibboKobayashi-Maskawa type of matrix B ln appears in leptonneutrino-charged currents and mixing matrices C nn Ј in neutral neutrino currents. These matrices are composed of unitary matrices transforming leptons and neutrinos from the weak to the mass basis. The matrix C nn Ј may be expressed in terms of B ln matrices. The B and C matrices satisfy a set of relations following from the unitarity of the matrices building them ͓9,19,20,25͔:
͑6͒
which assure the renormalizability of the models. In the first class of models, the B matrices satisfy the same set of relations, and in addition they are constrained by relations which assure the masslessness of the light neutrinos at the tree level.
The degeneracy of light neutrinos in Vn R models allows one to write the light-neutrino-lepton-charged currents in an almost diagonal form, with couplings somewhat smaller than in SM:
This small reduction of couplings is connected with couplings in heavy-neutrino-lepton-charged currents B lN , through the orthogonality relations which the B ln matrices satisfy,
͑8͒
The experimental upper limits ͓15,28͔
assure that the deviation of the light-neutrino-lepton mixings from the SM mixings is small, and that the heavy-neutrinolepton mixings ͉B lN i ͉ 2 are of the order Շ10 Ϫ3 -10 Ϫ2 .
Using relations ͑6͒, all amplitudes of low-energy processes may be written in terms of
where f (N i , . . . ), f (u j , . . . ), and f (d j , . . . ) are expressions proportional to loop functions. The ellipses represent the indices not written explicitly. In the first type of models, the B and C matrices satisfy additional constraints besides those given by Eqs. ͑6͒. These constraints reduce the number of free parameters determining the B and C matrices. For n R ϭ2, the B and C matrices are completely determined. Therefore, the first of expressions ͑10͒ may be calculated exactly. For n R Ͼ2, the number of constraints on the B and C matrices is too small to fix them. In the second class of models, the B and C matrices satisfy only relations ͑6͒, and their exact form cannot be determined, too. Only the upper bounds on the absolute values of matrix elements B lN may be found. The upper limits of the branching ratios can be obtained using the Schwartz's inequalities and definition for
where ͗ ͘ N represents an average over heavy neutrinos. The procedure for deriving relations ͑11͒ is given in Appendix B, and is used for finding the upper limits on composite loop form factors and branching ratios.
Although there are no constraints on heavy-neutrino masses from experimental limits on light-neutrino masses, they are limited by perturbative unitarity condition ͓29͔ on decay rates of heavy neutrinos,
The total decay rate of the heavy Dirac neutrino of a mass m N i much larger than masses of W and Z bosons and Higgs boson mass is ͓20͔
where ␣ W ϭg W 2 /4. From Eqs. ͑12͒ and ͑13͒,
for Vn R models, and
for An R models. The relative factor of 2 between the bounds ͑14͒ and ͑15͒ comes from the different number of spin degrees of freedom of Dirac and Majorana neutrinos. The matrix elements C N i N i are known only in the A2 model, which makes a large difference between that model and the other models discussed here. In the A2 model, the matrix elements C N i N i depend on the ratio of masses 2 ϭm N 2 /m N 1 , and not on the masses explicitly, so that both parts of Eq. ͑15͒ are upper bounds on the lightest mass m N 1 . Equation ͑15͒ for the m N 2 mass gives stronger bound on m N 1 ;
͑16͒
In An R , n R 2, models and in Vn R models, the upper bound on the lightest mass is obtained by combining Eqs. ͑14͒ and ͑8͒,
where i ϭm N i /m N 1 and 
III. MESON LFV LEPTONIC DECAYS
The amplitudes of LFV leptonic decays of kaons into two charged leptons have a very simple structure. Only a box diagram contributes to them. These box diagrams have a very mild ͑logarithmic͒ dependence on the heavy-neutrino masses ͓26,27͔. They are suppressed by matrix elements of Cabibbo-Kobayashi-Maskawa ͑CKM͒ matrix elements in the hadronic part of the matrix element. The corresponding decay rates for flavor-neutral pseudoscalar mesons is not CKM suppressed, and the matrix element has an additional Z-boson exchange contribution with a strong ͑quadratic͒ dependence on the heavy-neutrino mass ͑the vector mesons have an additional ␥-decay channel͒. Unfortunately, flavorneutral pseudoscalar mesons decay at least 10 6 times faster than the mesons with nonzero quantum numbers due to the electromagnetic and hadronic channels through which they decay. To determine to what extent these two opposite effects, concerning the magnitude of the decay rate, cancel, the decay rates for the processes 0 →e and 0 →e have been evaluated, too. The decay Ј 0 →e has not been considered as Ј decays much faster than 0 and . 
s P ) are numerical coefficients containing information about the quark content of pseudoscalars and on quark couplings with photons and Z bosons ͑only coefficients different from zero are listed͒. The shorthand notation s P ϭsin P and c P ϭcos P is used for mixing of octet and singlet meson states. The pseudoscalar decay constants ͑and the normalization of creation operators͒ are defined in terms of the axial vector quark currents,
The That factor strongly suppresses the T( P 0 →e Ϫ ϩ ) amplitudes. The branching ratio corresponding to the amplitude ͑21͒ reads
where m P 0 and ⌫ P 0 are the pseudoscalar meson mass and total decay rate, and (x,y,z)ϭx 2 ϩy 2 ϩz 2 Ϫ2(xyϩxz ϩyz).
IV. MESON LFV SEMILEPTONIC DECAYS
In the case of LFV K ϩ → ϩ e Ϫ ϩ decay on the quarklepton level there are contributions coming from a box diagram and
Ϫ contribution is found to be much smaller than the box diagram contribution ͓27͔, and, therefore, it will be neglected. The box amplitude may be obtained from the box amplitude for the Ϫ →e Ϫ ϩ K Ϫ decay using crossing symmetry and replacing by . It reads
where
is a composite form factor comprising a factor of order ϳs L e s L . The hadronic matrix element for
decay is parametrized by two form factors
͑27͒
In this paper we use a chiral Lagrangian which includes vector mesons ͓30͔ in order to evaluate this matrix element. This approach assumes that the vector meson exchange dominates the form factors. 
is the K 0 *-meson propagator, and
The details of evaluation of the hadronic part of the amplitude may be found in ͓27͔, where they have been performed for →eϩtwo meson decays. This method assumes SU(3) hadron-flavor symmetry, and, therefore, it connects the amplitudes of various mesons, specifically of decays
From the semileptonic decays K e3 ϩ and K 3 ϩ the hadronic matrix element is
and the form factors are described by ͓31͔
where ϩ ϭ0.0286Ϯ0.0022 for K e3 ϩ and ϩ ϭ0.033Ϯ0.008
for K 3 ϩ . Usually, instead of the form factor f Ϫ , the scalar form factor is introduced, 
where A ϩϩ , A ϩϪ , and A ϪϪ are kinematical functions defined in Appendix D.
V. BARYON LFV SEMILEPTONIC DECAYS
In the LFV baryon decays with two charged leptons, due to kinematical reasons, the final and initial baryon states do not have the same strangeness. Therefore, on the quarklepton level, the decay amplitudes obtain contributions from the box diagram only.
The matrix element for the baryonic LFV semileptonic decay is obtained from mesonic semileptonic decay matrix elements by replacing the hadronic meson-to-meson amplitude by the baryon-to-baryon amplitude. The baryon-tobaryon amplitude depends on six form factors
However, all of them are not equally important. The currents whose coefficients are f 3 and g 2 do not conserve G parity ͑second class currents͒. Therefore, these form factors are negligibly small. The f 2 term includes the recoil effects, and is of the order of (m B Ϫm B Ј )/(m B ϩm B Ј ) compared to the f 1 term. Since we are making an estimation of the branching ratios, we do not take into account these terms. The g 3 term contains a pseudoscalar meson pole, and its contribution is not negligible when the muon is in the final state ͓31͔. The form factors f 1 , g 1 , and g 3 depend on baryons in the initial and final states. Further, the q 2 dependence may be approximately described by assigning a pole dependence of the meson having the same Lorentz transformation properties and opposite quantum numbers than the baryon current. The SU(3)-flavor symmetry of baryons allows one to express sets of f 1 , g 1 , and g 3 form factors in terms of SU(3) Clebsch-Gordan coefficients and two functions per set, one corresponding to the symmetric octet representation and the other to the antisymmetric one. Because of the isospin invariance, the symmetric octet cannot contribute to the vector current form factors. Next, the pairs of the functions describing g 1 and g 3 form factors are not independent, but correlated through the Goldberger-Treiman relation. The Goldberger-Treiman relation extrapolates the baryonbaryon-meson (g BB Ј M ) strong coupling constant at q 2 ϭm M 2 to its q 2 ϭ0 value. The pole dominance of the g 3 form factor of the ⌬Sϭ1 hadronic matrix elements is carried by kaons, and, therefore, this extrapolation may lead to a ϳ10% error in g 3 values -good enough for our purposes ͑in Ref. ͓32͔ the semileptonic LFV baryon decays were evaluated including the f 2 form factor in calculations͒. After applying all of the above-mentioned approximations, the final form of the hadronic matrix elements reads
͑37͒
where f 1 (0) and g 1 (0) are given in Table I . The vector and axial-vector form factors have a very weak q 2 dependence, determined by the vector and axialvector meson poles and, therefore, in the following, we consider them as constants. Since the largest momentum transfer for all decays of our interest, (m ⌺ ϩϪ m p ) 2 , is much smaller than any of the vector meson or axial-vector meson masses, the q 2 dependence of these two form factors may also be neglected.
Hence, the expression for the B→BЈe Ϫ ϩ amplitudes is given by
where again the composite form factor Process
A 1 -A 5 are kinematical functions defined in Appendix D.
VI. NUMERICAL RESULTS
The numerical analysis of the results is performed for the extensions of the SM with two or more heavy neutrinos. The n R ϭ2 case is treated with the special care since it allows a comparison with the n R ϭ2 version of the theory with heavy Majorana neutrinos for which the B and C matrices may be evaluated exactly. and due to isospin symmetry,
With the input parameters defined above, one can start a discussion of the numerical results. We are interested in the branching ratios of LFV leptonic and semileptonic decays of light pseudoscalar mesons and LFV semileptonic decays of light baryons. Numerical results are presented only for the most interesting decays, that is, for decays of particles with small total decay widths and/or strong LFV decay channels: A full description of each figure is given in the text, together with the interpretation of the results presented by the curves shown in the figure. To avoid ambiguities, where they could emerge, the curves in the figures are designated or characterized in two ways -with letters and by type and weight of the line. Figure 1 shows the dependence of upper bounds of branching ratios ͑UBBRs͒ on the heavy-neutrino mass, in the case of degenerate neutrino masses m N i ϭm N , i ϭ1, . . . ,n R . The letters a, b, c, d, e, f, and g destignate the UBBRs for
, and ⌳→e Ϫ ϩ , respectively. Left and right diagrams of the figure show the results obtained in models Vn R , n R ϭ2,4, and models An R , n R ϭ2,4, respectively. The thick ͑thin͒ lines are results obtained for n R ϭ2 (n R ϭ4). The m N domain in the Vn R model is larger by a factor of ͱ2 than in the An R model. The m N domain in the n R ϭ4 model is larger by a factor of ͱ2 than in the n R ϭ2 model from the same class of models. Concerning the m N dependence, UBBRs for LFV processes studied here may be divided into two groups, the group of processes having only a box contribution to the amplitude, and the group having box and Z-boson exchange contributions. The UBBRs within these groups have a very similar m N dependence. The UBBRs in the Vn R models are independent of n R ͑the thick and thin lines coincide͒, and have a very similar m N dependence as the UBBRs in the A4 model. The UBBRs in the An R models depend on n R . That dependence is weak in processes whose amplitudes have box contribution to the amplitude only, but is very strong if the amplitude of the process contains a Z-boson exchange contribution. This strong dependence is a consequence of the special form of B matrices in the A2 model. For degenerate heavy-neutrino masses, the special form of B matrices leads to the zero contribution of the H Z (x,y) loop function to the amplitudes. In all other An R models and in all Vn R models, the H Z (x,y) loop function gives a maximal contribution. Namely, the B matrix elements are unknown, and, therefore, the products of the B matrix elements have to be replaced by the largest value they can assume. That explains the ϳ25 times larger UBBRs in the A4 model than in the A2 model at m N ϭ6700 GeV.
For degenerate heavy-neutrino masses, the maximal values for UBBRs for the most interesting LFV leptonic meson decays, LFV semileptonic meson decays, and semileptonic baryon decays are given in Table II a, b, c, d , e, f, g, h, and i correspond to the 2 values 1, 3, 10, 30, 100, 300, 1000, 3000, and 10000, respectively. In the right diagrams of Figs. 2a and 2b the curves strongly overlap, and, therefore, only curves belonging to 2 values 1, 3, 10, and 300 are marked at the end points of the curves. The left and right diagrams of the figures show the results of the V2 and A2 models, respectively. Figures 2a and 2b show the results for K L →e Ϫ ϩ decay and 0 →e Ϫ ϩ decay, respectively. The UBBR curves for K L →e Ϫ ϩ and 0 →e Ϫ ϩ , evaluated in the V2 model for 2 1, lie above the 2 ϭ1 curves. As the 2 increases, the UBBR curves first tend to separate from the 2 ϭ1 curves, and then, after 2 reaches some critical value, begin to approach back to the 2 ϭ1 curves. As the 2 tends to infinity the UBBR curves cannot be distinguished from the 2 ϭ1 curves. This behavior is a manifestation of the decoupling of very heavy neutrinos from the light particles. The second interesting effect in the UBBR curves is the appearance of peaks at which the UBBR curves break. The UBBR curves of K L →e Ϫ ϩ decay show one one peak, while the UBBR curves of 0 →e Ϫ ϩ decays show two peaks. The peaks emerge at some 2 value, and as 2 increases they move towards m N 1 ϭ0, and disappear. These peaks occur at or above the m N 1 values at which some of the upper bounds on B lN i matrix elements begin to be evaluated using Eq. ͑19͒. Starting from 2 ϭ1, the 2 value increases and the domain of m N 1 values becomes smaller, but for 2 տ30, the maximal m N 1 value is almost independent of 2 . Notice that the maximal values for UBBRs are not reached at the largest m N 1 value on the 2 ϭ1 curve, but at the peak ͑first peak for 0 →e Ϫ ϩ decay͒ for 2 Ϸ5. As mentioned, the maximum UBBR value for K L →e Ϫ ϩ and 0 →e Ϫ ϩ is ϳ2 and ϳ7 times larger than the maximum UBBR at the largest m N 1 value on the 2 ϭ1 curve. The UBBR curves for K L →e Ϫ ϩ and 0 →e Ϫ ϩ evaluated in the A2 model do not have peaks, because in this model only the upper bound ͑16͒ is imposed on the heavy-neutrino masses. As 2 increases, the domain of the m N 1 values quickly reduces, and at some critical 2 value it disappears. That is, the 2 domain is bounded, too. For 2 smaller than this critical value, the UBBR curves show similar ''decoupling'' behavior-as 2 increases, for 2 Շ3 the curves move away from the 2 ϭ1 curve, and for 2 տ3 move toward it. The 2 dependence of this ''decoupling'' is much weaker than in other modelsthe UBBR curves almost overlap. As the domain of the 2 values is finite one cannot truly talk about the decoupling of very heavy neutrinos. Figure 3 compares of upper limits for the loop form factors ͑B9͒ starts to give smaller UBBR value than the upper limits ͑B8͒. The other is at the point at which B N i 1 becomes smaller than B N i 0 . The second peak is visible only in processes depending on a Z-boson exchange amplitude. Namely, in the box amplitudes, the 2 value at the second peak is so large that the part of the amplitude depending on the mass m N 2 is negligible. The UBBR curves in Vn R models are almost independent of n R , but they depend on m N 1 . Namely, the position of both peaks strongly depends on m N 1 . Generally, the UBBR curves corresponding to the larger m N 1 values lie above those evaluated for smaller m N 1 . In the models with n R Ͼ2 the UBBRs depend significantly on the number of very heavy neutrinos in the ranges 10Շ 2 Շ150 and 5տ 2 տ20 000 for decays depending on a box amplitude only and on box and Z-boson exchange amplitudes, respectively. For any process, the UBBR for 2 →ϱ and the UBBR at 2 ϭ1 are equal. As the upper bound on the UBBR terms depending on masses satisfying m N i Ϸm N 1 is constructed using Schwartz's inequality ͑B4͒, these UBBR terms are equal at 2 ϭ1 and for 2 →ϱ, showing that UBBR term depending on m N 2 becomes equal to zero in the 2 →ϱ limit. This is a manifestation of decoupling of heavy particles from the light sector of the model. In processes depending on box amplitudes only, the heavy neutrinos decouple faster than in processes depending on box and Z-boson exchange amplitudes. For example, for the parameters of Fig. 4c , UBBRs of K L →e Ϫ ϩ and 0 →e Ϫ ϩ decays reach 10% larger value than UBBRs at 2 ϭ1 at 2 ϭ200 and 2 ϭ33 000, respectively. The slow decoupling of heavy neutrinos in processes depending on Z-boson exchange amplitudes is a consequence of mixing amplitude terms, containing heavy (m N 2 ) and light (m N i ,i
2) heavy neutrinos. The processes depending on Z-boson exchange amplitudes illustrate that the nondecoupling window, that is, the region of mass parameters where large heavy-neutrino masses have a considerable effect on the amplitude, heavily depends on the structure of the amplitude of the process, and that it may extend over several orders of magnitude of heavy-neutrino masses. The UBBR curves in An R , n R 2, models have the same properties as the UBBR curves in Vn R models. Figures 5a and 5b give the dependence of UBBRs on squares of the mixing parameters (s L e ) 2 and (s L ) 2 , respectively. The thinner lines represent the results for K L →e Ϫ ϩ decay, and the thick ones the results for 0 →e Ϫ ϩ decay. The left two diagrams in Fig. 5a and Fig. 5b were evaluated in the model V2, while the right ones were obtained in the model A2. The upper two diagrams of Fig. 5a and Fig. 5b show the (s L e ) 2 and (s L ) 2 dependence of UBBRs, respectively, for m N ϭm N 1 ϭm N 2 values 2000 GeV ͑a, solid lines͒, 6000 GeV ͑d, dotted lines͒, 8000 GeV ͑b, dotted lines͒, and 9000 GeV ͑c, dashed lines͒. The lower two diagrams of Fig. 5a and Fig. 5b 
VII. SUMMARY AND CONCLUSION
LFV decays of light hadrons have been studied and evaluated in extensions of the standard model with heavy Dirac (Vn R models͒ and Majorana (An R models͒ neutrinos. The expressions for perturbative unitarity bounds on heavy neutrino masses were found to have the same form in Vn R models and An R , n R 2, models, but are different from the perturbative unitarity bound in the A2 model. The difference comes from the different number of free parameters defining the B and C matrices. The perturbative unitarity bounds lead to the bounded space of heavy-mass values in A2 models, while in other models all heavy-neutrino masses, except the lightest one, may assume any value. More precisely, the perturbative unitarity bounds on all masses, except the lightest one, do not constrain a heavy-neutrino mass, but the product of the heavy-neutrino mass m N i and absolute value of a B lN i matrix element. So the enlargement of a specific heavyneutrino mass to infinity leads to a zero value for the B lN i matrix elements. The minimal value of the lightest heavyneutrino mass is bounded in all models. In An R , n R 2, models and Vn R models, the maximal value of the lightest heavy-neutrino mass depends considerably on the number of heavy neutrinos n R .
The infinite domain of heavy-neutrino masses in Vn R and An R , n R 2, models gives the possibility of explicit study of the decoupling of very heavy-neutrinos from the lighter particles ͓35͔ in the model, looking for the mass dependence of the branching ratios in the limit of very large heavy neutrino mass values. For such a study, explicit expressions for the branching ratios for processes depending on heavy neutrinos, or at least the upper bounds on the branching ratios, must be found. In fact, only the upper bounds on the branching ratios of such decays may be found, because the B matrices are not explicitly known in models with an infinite heavy-neutrino mass domain. The upper bounds of branching ratios ͑UBBRs͒ for LFV decays of light hadrons were found in this paper. This was done using a combination of Schwartz's inequalities for sums containing either B lN matix elements or matrix elements of the Kobayashi-Maskawa matrix. Specifically, if the matrix elements in a sum were unknown, and their absolute values were expected to be of the same order of magnitude, the usual Schwartz's inequality was used. If any of the matrix elements was known to have a smaller absolute value than others in the sum, the term containing it was extracted, replaced by its absolute value, and the rest of the sum evaluated using Schwartz's inequality. If any of the parameters which influence the absolute value of any matrix element appearing in the sum changes continuously, such a procedure leads to discontinuous UBBR curves at points where the matrix element becomes ''small.'' For that reason at the parameter points at which the discontinuity would occur the UBBR values were evaluated with and without extraction of the term containing a ''small'' matrix element, and the smaller of the two values was taken as the UBBR at that point. In such a way the discontinuities were removed, but the UBBR curves gain peaks. The peaks are artifacts of our ''upper bound'' procedure. Nevertheless, they are helpful in discussions, because each peak tags one point on the UBBR curves, and, therefore, one can follow the mapping of points in the UBBR curves as any of the free parameters changes. Using the UBBRs obtained in such a way, we found that the very heavy neutrinos decouple in the infinite mass limit, and that is valid for all values of the remaining free-parameter space, when one or more masses tend to infinity. There is one more interesting property of UBBR curves concerning decoupling and ''nondecoupling'' of heavy neutrinos. The region of heavy-neutrino masses in which the heavy neutrinos have a large effect on the decay rate, the so-called nodecoupling window, may be very large, and it strongly depends on the structure of the amplitude of the process. In processes with a Z-boson exchange amplitude it extends over four to five orders of magnitude in heavyneutrino mass͑es͒, while in processes depending on a box amplitude only, the dependence extends over two orders of magnitude of heavy-neutrino mass͑es͒. So large ''nondecoupling'' windows may make the decoupling of heavy particles ineffective in the experimentally interesting regions of parameter space.
The UBBR curves, obtained with the above procedure, have a few more nice properties. In the case of degenerate neutrinos, the UBBRs as functions of m N are independent of n R , although the maximum m N values depend on n R . If one mass increases and the others are kept constant, the UBBRs are almost independent of n R . Further, the curves for UBBRs for decays containing a box diagram amplitude only are slightly larger than the corresponding curves obtained in the A2 model. That shows that the upper bounds obtained in Vn R and An R , n R 2, models approximate the expressions obtained in a model with exact expressions for B matrices very well. The UBBRs dependent on the Z-boson exchange amplitudes differ considerably from the corresponding curves in the A2 model, but that can be explained by the specific phase structure of B matrices which makes the contribution of the largest loop function in the Z-boson amplitude equal to zero. The unknown phase structure of B lN matrix elements in Vn R and An R , n R 2, models makes the largest loop function contribution in the Z-boson amplitude the dominant one. This makes the processes having the Z-boson contribution more interesting than in the A2 model, from the experimental point of view. Next, all UBBR curves obtained in Vn R and An R , n R 2, models lie above the corresponding curves in the A2 models. In fact, the UBBRs we obtained give the upper bounds for the branching ratios for any extension of standard model with heavy neutrinos, with B and C matrices satisfying relations ͑6͒.
Concerning the hadron part of the LFV amplitudes of hadron decays, they were evaluated in standard ways. For the pseudoscalar meson to vacuum matrix element, partially conserved axial-vector current ͑PCAC͒ was used. The pseudoscalar-to-pseudoscalar matrix elements were evaluated in two ways. The first evaluation is based on the chiral Lagrangian extended by vector mesons, while the other one uses the form factor decomposition of the pseudoscalar-topseudoscalar matrix element. The first approach gives a somewhat too large a value for the form factor f ϩ at the zero momentum transfer, but allows one to show that the matrix element K L → 0 is equal to zero. In the second one, the f ϩ (0) is extracted from the experiment, but the K L → 0 matrix element cannot be evaluated. After renormalizing the f ϩ (0) to the value obtained in the second approach, the first one gives almost the same values for K ϩ → ϩ e Ϫ ϩ UBBRs as the second one. The baryon-tobaryon matrix elements were evaluated using the form factor decomposition of generic matrix elements, SU(3)-flavor symmetry to connect charge f 1 and axial charge g 1 form factors, and Goldberger-Treiman relation for finding effective pseudoscalar form factors g 3 from g 1 form factors. The effective scalar form factor f 3 and weak electricity form factor g 2 were neglected since corresponding terms violate G parity, and the weak magnetism form factor f 2 was estimated to give a negligible contribution to the hadron amplitude. These baryon-to-baryon matrix elements may be found in standard books and, in the context of LFV in baryon decays, were evaluated before, including f 2 form factors ͓32͔.
From the experimental point of view, the leptonic LFV decays of mesons are most interesting, specifically the decays K L →e Ϫ ϩ and 0 →e Ϫ ϩ . Namely, the maximal UBBRs for semileptonic LFV decays of mesons and baryons are smaller than ϳ10 Ϫ17 and ϳ10
Ϫ20
, respectively. 
͑A2͒
More details how these expressions can be derived may be found in Refs. ͓20,26͔.
APPENDIX B: SCHWARTZ'S INEQUALITIES AND UPPER BOUNDS ON FORM FACTORS
Let aϭ(a 1 , . . . ,a n ), bϭ(b 1 , . . . ,b n ), c ϭ(c 1 , . . . ,c n ), . . . be the vectors of an n-dimensional vector space. From Schwartz's inequality for any pair of these vectors,
one can derive the folowing inequalities:
where ͗c͘ϭ͚ iϭ1 n c i /n. The obvious inequality
may be understood as a special form of the inequality ͑B2͒.
Using the above-derived inequalities, one can write down the upper limits on absolute values of composite form factors defined in Eqs. ͑22͒, ͑26͒, and ͑39͒. The absolute values of composite form factors may be written in terms of absolute values of composite loop form factors,
Here only in the first relation is the inequality ͑B2͒ used. Introducing abbreviations for the combinations of the loop functions appearing in the composite loop form factors, 
͑B8͒
In the above inequalities, ͗ ͘ denotes the average over all indices on which the loop function depends, while ͗ ͘ N denotes the average over heavy-neutrino indices only (͗ f (•••)͘ N ϭ͚ iϭ1 n R f ( N i , . . . )/n R ). Here a comment is in order. The absolute values of the elements of CKM matrix elements are quite well known, and they differ in magnitude considerably. Therefore, the best inequality to use is ͑B5͒. Using relation ͑B4͒ and the unitarity of the CKM matrix instead of relation ͑B5͒ one can obtain a ϳ10 7 times larger result. On the other hand, the absolute values of the matrix elements of B matrices are crudely bounded by Eqs. ͑18͒ and ͑19͒. If all B matrix elements satisfy Eq. ͑18͒, the best inequality to use is ͑B4͒, and the best approximation to the loop form factors is ͑B8͒. If some B lN i matrix elements satisfy Eq. ͑19͒ and if the ͑19͒ bound is much smaller than the ͑18͒ bound, for these B lN i matrix elements it is much better to use inequality ͑B5͒. The inequality ͑B4͒ and approximation ͑B8͒ would lead to divergent results for absolute values of composite loop form factors in the limit m N i →ϱ for any of m N i masses. Therefore, we have constructed the upper bounds of absolute values of composite loop form factors in which the sums over heavy neutrinos are divided into two groups, depending on which inequality B lN i satisfy. The part of a sum over heavy neutrinos satisfying the bound ͑18͒ is approximated using the inequality ͑B4͒, while for the rest of the sum the inequality ͑B5͒ is used. 
͑B9͒
The subscripts s and b denote heavy neutrinos satisfying Eq.
͑18͒ and Eq. ͑19͒, respectively. The ͗ ͘ is the average over two s heavy neutrinos and ͗ ͘ N,s is the average over one s heavy neutrino. Expressions ͑B8͒ and ͑B9͒ are used for evaluation of UBBRs of LFV decays for any set of values of parameters. For any process the results are compared, and the smallest one is kept as a UBBR of the process.
APPENDIX C: THE CHIRAL LAGRANGIAN
The gauged chiral U(3) L ϫU(3) R /U(3) V Lagrangian extended by hidden U(3) local symmetry and the mass for the pseudoscalar mesons comprises four terms, LϭL A ϩaL V ϩL mass ϩL kin . ͑C1͒
Here only the second term is of interest or, more specifically, only the interactions of K 0 * and K 0 * mesons with pseudoscalar mesons ͓27͔,
The parameter a is a free parameter, equal to 2 if the vector meson dominance is satisfied, g is the coupling of ͑hidden-symmetry-induced͒ vector mesons to the chiral fields ͑pseu-doscalar meson fields in the unitary gauge ͓30͔͒. The 0 ϩ Ϫ interaction term is included because it defines experimentally known g coupling (g ϭga/2). The other vector-meson-pseudoscalar-meson couplings are fixed when g is known.
Notice that the sum of K 0 * 
